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ABSTRACT. Hypothesis. Polydopamine (PDA) is widely used as hydrophilic coating for several 
applications. However, most of the methods studied to improve or manipulate PDA properties 
are multistep and time-consuming, and there is a need for versatile strategies aimed at controlling 
and modifying the properties of PDA. Experiments. PDA-halloysite nanocomposites were 
produced under different oxidation conditions in alkaline and acidic media and were 
characterized by UV-visible and attenuated total refraction- Fourier Transform Infrared 
spectroscopies, thermogravimetric analysis, porosimetry, scanning electron microscopy, X-ray 
diffraction and contact angle measurements against the reference PDA polymer. Findings. 
Inclusion of the inorganic halloysite nanofiller in the PDA component was found to affect the 
thermal properties of the nanocomposite as well as its structure, depending on the experimental 
conditions. The ability of the nanocomposites to adsorb organic dyes as possible membrane 
coatings for environmental remediation was also investigated by different models, suggesting 
promising applications as adsorbents for the treatment of wastewaters. 
INTRODUCTION. Halloysite nanotubes (HNTs) are an aluminosilicate clay, belonging to the 
kaolin group, which possess predominant hollow tubular morphology and tunable surface 
chemistry.
1-2
 Generally, the inner and outer diameters of the tubes are in the range of 10–30 nm 
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and 40–70 nm, respectively, while their length is in the range of 0.2–1.5 m. Halloysite 
possesses different charged surfaces: positive in the lumen, where aluminum hydroxide is 
present for the most part and negative on the outer surface, which consists mainly of silicon 
dioxide (silica). Due to the different chemical composition, HNTs can be selectively 
functionalized at the inner and/or outer surfaces leading to the synthesis of several nanomaterials 
of potential practical interest.
3-5
 Accordingly, HNTs have found application as nanocontainers 
for biologically active molecules,
6-10
 catalytic supports,
11-13
 adsorbent nanomaterials for 
wastewater decontamination,
14-15
 and nanofillers to improve polymer performances, in particular 
16-18
 cellulose ethers,
19-20
 chitosan,
21
 alginate
22
 and pectin.
23
 
Relatively little attention has been directed to investigate the properties of halloysite 
nanocomposites with polydopamine (PDA), a highly adhesive mussel-inspired eumelanin-type 
polymer
24
 widely used to form hydrophilic coatings for substrate-independent surface 
functionalization.
25
 
25
 Like most catecholamine-derived oxidation-products
26
 PDA is 
characterized by catechol-, quinone-, carboxylic and amine-type functionalities within both open 
chain and cyclized indole units and has found widespread application in the adsorption of metal 
ions and organic pollutants.
27
 However, most of the methods so far investigated to improve or 
manipulate PDA properties are multistep and time-consuming. For example, the modification of 
PDA surface is a common method to improve the polymer properties, but commonly it envisages 
the dopamine polymerization which takes ≈24 h, followed by a secondary modification process 
that takes another 3–48 h (depending on modification reagents).28 Therefore, there is a need for 
versatile strategies aimed at controlling and modifying the properties of PDA for various 
applications. 
So far, few studies have addressed the supramolecular coating of halloysite with PDA
29-34
 or 
the covalent functionalization of the alumina inner lumen with dopamine molecules.
35
 A 
noticeable example of PDA-modified halloysite deals with the preparation of nanocomposites to 
enhance the properties of polyetherimide (PEI) membranes.
36
 Functionalization of the external 
surface of HNT with PDA led to a nanocomposite that was employed to confer enhanced anti-
fouling, bio-fouling and filtration properties to PEI with respect to the pristine membrane. The 
nanocomposite-modified membrane showed superior capacity to adsorb heavy metal ions, 
thereby showing rejection towards Pb
2+
 and Cd
2+
.
36
 Other works report the surface modification 
of HNTs via the self-polymerization of DOPA to obtain materials where the PDA layer acts as 
 3 
reducing agent and template for the immobilization of metal nanoparticles and enzymes, or to 
enhance the dispersion ability of HNTs in a polymeric matrix.
37-39
 
We report the filler effect of HNTs both on the morphology and on the performances of PDA 
films. Different PDA materials obtained under both alkaline and acidic conditions were produced 
and characterized by means of spectroscopic techniques (UV-visible (UV-vis) and attenuated 
total refraction-Fourier Transform Infrared (ATR-FTIR)), thermogravimetric analysis (TGA), X-
ray diffraction (XRD), porosimetry and scanning electron microscopy (SEM) investigations. The 
performances of the hybrids in the adsorption of organic dyes from an aqueous medium were 
briefly investigated using Rhodamine B (RB) as a reference dye with a view of probing the 
PDA-halloysite nanocomposite as membrane coating for environmental remediation.  
MATERIALS AND METHODS. Dopamine hydrochloride (≤ 100%), potassium periodate (≥ 
99.8%) and halloysite nanotubes were purchased from Sigma-Aldrich and used without further 
purification. Rhodamine B (RB) (≥ 95%) was purchased from Carlo Erba. 
UV-visible measurements were performed using a Beckmann DU 650 spectrometer. 
The morphologies of the nanocomposites were studied using an ESEM FEI QUANTA 200F 
microscope. Before each experiment, the surface of the sample was coated with gold in argon by 
means of an Edwards Sputter Coater S150A to avoid charging under electron beam treatment. 
The measurements were carried out in high-vacuum mode (<6 × 10
−4
 Pa) for the powders and in 
low-vacuum mode for the film for simultaneous secondary electrons. The energy of the beam 
was 20 keV, and the working distance was 10 mm. Minimal electron dose conditions were 
employed to avoid damaging the sample. 
ATR-FTIR spectra have been acquired by using an FT-IR Bruker Lumos equipped with 
Platinum ATR. Spectra result from 60 scans in the wavenumber range 4000-600 cm
-1
, with 
resolution of 2 cm
-1
. The baseline correction has been performed by using the OPUS® software.  
X-Ray Diffraction (XRD) patterns of HNTs, PDA-b, PDA/HNT-b, PDAa and PDA/HNT-a 
samples were collected, in the theta-theta geometry, using a D8 Eco Bruker diffractometer 
equipped with a Ni filtered Co Kα radiation source (λ = 1.79 Å) and operating at 40 kV and 30 
mA (0.02°/step from 5° to 70° and counting time of 5 s/step).  
N2 adsorption-desorption isotherms were registered at 77 K using a Quantachrome Nova 2200 
Multi-Station High Speed Gas Sorption Analyzer. Samples were outgassed for 12 h at room 
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temperature in the degas station. Adsorbed nitrogen volumes were normalized to the standard 
temperature and pressure. The specific surface area (SBET) was calculated according to the 
standard BET method (based on the Brunauer-Emmett-Teller theory) in the relative absorption 
pressure (P/P
0
) range from 0.045 to 0.25034. 
Thermogravimetry analyses were carried out by means of a Q5000 IR apparatus (TA 
Instruments). The measurements were conducted under nitrogen atmosphere (the gas flows were 
set at 25 and 10 cm
3
 min
-1 
for the sample and the balance, respectively) from 25 to 700 °C. The 
heating rate was set at 20 °C min
-1
.  
The wettability of the glass surfaces coated by dopamine based films was investigated through 
water contact angle measurements, which were conducted by an optical contact angle apparatus 
(OCA 20, Data Physics Instruments) equipped with a CCD camera with high-resolution power. 
Data acquisition was performed by SCA 20 software (Data Physics Instruments). The sessile 
drop method was used to determine the initial water contact angle (θi), which corresponds to the 
angle just after the deposition of the droplet on the surface. The droplet volume was fixed at 10.0 
± 0.5 μL onto the sample surface, while the temperature was set at 25.0 ± 0.1 °C for both the 
support and the injecting syringe.  
Transparency tests in isothermal conditions (25.0 ± 0.1 °C) were performed through an 
Analytic Jena Specord S 600 BU. The transmission spectra were registered in the range between 
400 and 800 nm. 
Synthesis of PDAaand PDA/HNTa 
Dopamine hydrochloride (10.6 mM) or dopamine hydrochloride (10.6 mM) and HNTs (20 
wt%) were dispersed in sodium acetate buffer at 50 mM, pH=5.0. The dispersions were stirred 
under inert atmosphere overnight. Afterwards, potassium periodate (KP) (10 mM), molar ratio 
dopamine/KP 1:1, was added to the reaction mixture and it was allowed to stir at room 
temperature in a becker covered with an aluminum foil for 24 h. To obtain PDA films, a glass 
slide was dipped in the dispersions for 24 h. The dispersions were then centrifuged for 5 min and 
the supernatant was removed and replaced with pure water until the supernatant was clear (three 
centrifugation steps were necessary). The powders were then dried overnight in an oven at 40 °C. 
Similarly, the glass was collected and washed several times with water and dried at room 
temperature. 
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Synthesis of PDAb and PDA/HNTb 
Dopamine hydrochloride (10.6 mM) or dopamine hydrochloride (10.6 mM) and HNTs (20 
wt%) were dispersed in TRIS hydrochloride buffer at 50 mM, pH=8.5 in the presence of 
different concentrations of HNTs (ranging from 0 to 20 wt%). The dispersions were stirred at 
room temperature in a becker covered with an aluminum foil for 24 h. To obtain PDA films, a 
glass slide was dipped in the dispersions for 24 h. The dispersions were then centrifuged for 5 
min and the supernatant was removed and replaced with pure water until the supernatant was 
clear (three centrifugation steps were necessary). The powders were then dried overnight in an 
oven at 40 °C. Similarly, the glass was collected and washed several times with water and dried 
at room temperature. 
Batch adsorption experiments  
All adsorption experiments were conducted on sealed vessels containing 5.0 mg of 
nanocomposite and 2 mL of RB solution (1 × 10
-5 
M) in deionized water. The obtained 
dispersions were vigorously vortexed and shaken in a thermostatic shaker with a shaking of 200 
rpm at 25 °C. The supernatant was obtained by centrifugation for detecting RB concentration via 
UV-vis spectrophotometer at the maximum absorption wavelength of 550 nm. The adsorption 
capacity (RE (%)) was calculated by: 
𝑅𝐸(%) =
(𝐶0−𝐶𝑒)
𝐶0
× 100     (Eq. 1) 
where C0 and Ce are initial and equilibrium concentrations of RB (M), respectively. 
Adsorption isotherms 
The adsorption isotherms of the nanocomposites were obtained by weighing 5 mg of PDA 
hybrid in the presence of RB solution in a concentration range of 1 × 10
-6  5 × 10-5 M, in 
deionized water, and shaken in a thermostated shaker with a shaking of 200 rpm for 12 h to reach 
equilibrium at 298 K. The equilibrium adsorption capacity Qe (mol g
-1
) was calculated by the 
following equation:  
𝑄𝑒 =
(𝐶0−𝐶𝑒)×𝑉
𝑀
     (Eq. 2) 
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where C0 and Ce are initial and equilibrium concentrations of RB (M), respectively, M is the 
weight of HNTs (g) and V is the volume of RB solution (L). 
Adsorption kinetics 
The batch experiments were carried out for investigating the adsorption kinetics of RB onto 
nanocomposites at room temperature in deionized water. For all experiments, the PDA 
nanocomposites (5 ± 0.1 mg) were added into 2 mL solution of RB (1 × 10
-5 
M). The amount of 
RB adsorbed at time t (qt, mol g
-1
) was calculated by the following equation: 
𝑞𝑡 =
(𝐶0−𝐶𝑡)×𝑉
𝑀
    (Eq. 3) 
where C0 and Ct are initial and t time concentrations of RB (M), respectively, M is the weight 
of HNTs (g) and V is the volume of RB solution (L). 
RESULTS AND DISCUSSION. Polydopamine nanocomposites (PDA/HNT) were obtained 
by dopamine polymerization in the presence of pristine HNTs (20 wt%) in TRIS or acetate 
buffer at pH 8.5 and 5.0, respectively. Use of different pH and oxidizing systems was dictated by 
the known effects of the polymerization conditions on PDA final structure and properties.
40-41
 
Preliminarily, dopamine and HNTs were mixed for 24 h at room temperature under constant 
stirring and inert atmosphere, to obtain colorless and homogeneous dispersions. Subsequently, 
oxidation was started either by allowing O2 into the mixture at pH 8.5, or by adding KIO4 as the 
oxidant at pH 5.0 on a 1:1 molar basis. Nanocomposites obtained at pH 8.5, i.e. under basic 
conditions, were referred to as PDA/HNTb whereas those obtained by KIO4 oxidation at acidic 
pH were referred to as PDA/HNTa (Scheme 1). The course of dopamine oxidation in the 
presence of HNTs at pH 8.5 or 5.0 was monitored spectrophotometrically against reference 
mixtures in the absence of HNTs. In all cases, the progressive darkening of the dispersions 
resulted eventually in precipitation of a black eumelanin-like PDA polymer (see SI).
40-42
  
 7 
 
Scheme 1. Schematic representation of the synthesis of PDA nanocomposites. 
Figure 1 compares the thermogravimetric (TG) curves of the PDA/HNT hybrids with those of 
the corresponding PDA samples obtained under the same acidic and basic conditions (PDA-a 
and PDA-b, respectively).  
 
Figure 1. Thermogravimetric curves for PDA/HNT-a and PDA/HNT-b samples against PDA controls under both 
acidic and alkaline oxidation conditions. 
Table 1 indicates a marked loss of water between 25 and 150 °C, which was not affected by 
HNTs. 
Table 1. Thermogravimetric parameters for pure dopamine samples and the dopamine/HNT hybrids.a 
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Sample ML25-150 / 
wt% 
MR700/ wt% ML200-700 (experimental) / 
wt% 
ML200-700 (calculated) / 
wt% 
PDAb 12.4±0.2 1.56±0.03 83.4±1.7  
PDAa 9.4±0.2 48.1±0.9 41.2±0.8  
PDA/HNTb 10.3±0.2 35.9±0.7 51.9±1.0 69.6±1.4 
PDA/HNTa 9.7±0.2 52.4±1 37.8±0.8 35.8±0.7 
a Results correspond to the mean ± standard error mean of three independent assays. 
Gradual degradation was then observed from 200 to 700 °C. Determination of the residual matter 
at 700 °C (MR700) as well as of the mass loss between 200 and 700 °C (ML200-700) showed that 
decomposition of samples obtained under basic conditions was almost complete compared to 
those obtained at pH 5.0 (MR700 values of 1.5 vs. 48.1 wt%). The presence of HNTs fillers 
induced an increase in MR700 attributed as expected to the inorganic component. Quantitative 
analysis of ML200-700 values in Table 1 based on stoichiometric composition (80 and 20 wt% for 
dopamine and HNTs, respectively) allowed to calculate ML200-700 values of the composites by 
taking into account the mass loss of pure HNTs (14.5 wt%).
43
 Interestingly, whereas the 
experimental ML200-700 value was close to the calculated one for PDA/HNT-a, ruling out thermal 
stabilization effects generated by the inorganic filler, the experimental ML200-700 value for 
PDA/HNT-b was much larger, denoting a thermal stabilization effect caused by HNTs.  
Diffraction patterns of the hybrids and the reference polymer samples are reported in Figure 2a 
(alkaline conditions) and 2b (acidic conditions) compared with HNTs as a reference. 
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Figure 2. XRD patterns for dopamine samples, their corresponding PDA/HNT samples and HNTs as reference. H, 
halloysite; Q, quartz; K, kaolinite; G, gibbsite. The diffraction pattern of HNTs shows all the diffraction peaks 
ascribable to (001), (100), (002) and (110) crystal planes of halloysite, together with peaks of quartz and anatase 
coherently with the structure of halloysite-(7A).13, 44  
Data indicated a significant effect of pH on PDA structure.
45-46
 In particular, PDAb displayed 
the typical pattern of an amorphous polymer whilst PDAa was apparently organized in 
crystallites suggesting different local organization of polymer chains. It is possible that this 
difference reflects the lower degree of intramolecular cyclization that is known to occur under 
acidic conditions as a consequence of amine chain protonation.
47
  
The pattern of PDA/HNTb was apparently a simple algebraic combination of the patterns of 
HNTs and PDAb. Conversely, in the case of PDA/HNTa, the decrease in the intensity of the 
(001) peak and the appearance of a shoulder suggested an alteration of the crystal structure of 
HNTs due to a higher d100 spacing among aluminosilicate planes, in agreement with literature.
48
 
This observation can be rationalized in terms of a swelling process promoted by water and 
dopamine in the acidic environment following generation of hydrogen bond interactions or 
coordination between the catechol or –NH2 groups of dopamine and the halloysite surface.  
ATR-FTIR analysis (Figure 3) revealed well-documented spectral features for PDA and HNTs 
(see SI).
41
 At first sight, the spectra of the composites showed bands characteristic of both HNTs 
 10 
and PDA. However, on closer inspection, a shift in the position of the band at ca. 1030 cm
-1
 was 
observed along with a change in shape. In the case of the PDA/HNTb composite the band 
appeared to be the convolution of two contributions ascribed to the asymmetric stretching in-
plane SiOSi, whereas the contribution at ca. 1010 cm-1 was apparently suppressed for the 
PDA/HNTa composite. This observation suggested that the main interactions involve the 
SiOSi groups of HNTs. 
(a)  (b)  
Figure 3. ATR-FTIR spectra of (a) HNTs, PDAb, PDA/HNTb, PDAa and PDA/HNTa and (b) expanded 2000 
– 500 cm-1 region.  
PDA polymers displayed different morphology depending on the polymerization conditions 
(Figures 4a and 4c). At pH 5.0 PDA nanospheres proved to be smaller than those obtained at pH 
8.5, with a more compact and uniform structure of the polymer. 
(a)  (b)  
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(c)  (d)  
Figure 4. SEM images of (a) PDAb; (b) PDA/HNTb, (c) PDAa and (d) PDA/HNTa. 
Nitrogen adsorption-desorption isotherms were then obtained to gain insights into the specific 
surface area (SBET). The resulting values obtained for each sample are reported in Table 2.  
Table 2. Textural parameters determined by N2 adsorption/desorption measurements for HNTs, PDAb, 
PDA/HNTb, PDAa and PDA/HNTa.a 
Entry Sample BET Surface area (m2 g-1) Pore volume BJH (cc g-1) Pore Diameter BJH (Å) 
1 HNTs 63.8 ± 0.3 0.14 ± 0.02 37.6 ± 0.3 
2 PDAa 0.031 ± 0.001 0.005 ± 0.001 42.5 ± 0.2 
3 PDA/HNTa 2.6 ± 0.2 0.012 ± 0.003 39.7 ± 0.3 
4 PDAb 9.6 ± 0.3 0.028 ± 0.005 42. 9 ± 0.3 
5 PDA/HNTb 4.7 ± 0.2 0.021 ± 0.002 39.8 ± 0.3 
a Results correspond to the mean ± standard error mean of three independent assays. 
The halloysite surface area is comparable with values reported in literature.
49
 The surface area 
values for the PDA samples proved to be in fairly good agreement with the morphology data. 
Higher values were consistently determined for PDAb which was made up of tightly 
aggregated nanospheres (Figure 4a) than for PDAa, which was significantly more compact 
(Figure 4c).  
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Interestingly, whereas the surface area increased in the nanocomposite PDAa, it markedly 
decreased (more than halved) in the case of PDAb. Coherently with the XRD and ATR-FTIR 
this could be ascribed to different interactions among the components: whereas in the case of 
PDA/HNTa the presence of the nanofiller, respect to PDA-a, caused a more or less extensive 
local disruption of the compact organic aggregate (entries 2 and 3), in the case of PDA/HNTb 
the presence of the inorganic component, respect to PDA-b, induced a more regular and compact 
aggregation over the halloysite surface (entries 4 and 5).  
The surface area values proved to be coherent with morphology data inferred from SEM images 
(Figures 4b and 4d). Images showed that the characteristic length and tubular shape of HNTs are 
preserved in both nanocomposites. However, at pH 8.5 the HNTs appear to be uniformly 
dispersed in the PDA matrix, looking as tubes covered by PDA (Figure 4b), whereas in acidic 
medium they seem to be more aggregated and wrapped by the polymer (Figure 4d). 
Such different morphologies could be explained on the basis of the different interactions that 
may be operative among the HNTs at different pH. At alkaline pH, e.g. 8.5, the SiOH groups 
on the outer surface of the tubes are expectedly deprotonated to cause the maximum negative 
charge.
50
 As a consequence, electrostatic interactions among the tubes are minimized with 
increased dispersion. In consequence, dopamine polymerization may occur in part on the 
nanotube surface causing them to be covered by PDA.  
Conversely, at pH 5.0, i.e. below the isoelectric point of HNTs (pH ca. 6.5),
50
 the tubes exist in 
their zwitteronic form, whereby electrostatic interactions with the growing PDA polymer may be 
less significant on account of a different tendency of the tubes to aggregate and of PDA 
formation processes that are less affected by HNTs surface.  
Adsorption measurements 
The adsorption capacity of the PDA nanocomposites for rhodamine B (RB), chosen as a 
fluorescent probe at pH 7.4, was investigated next. Both PDA/HNTb and PDA/HNTa 
nanocomposites showed similar or greater adsorption capacity than reference PDA samples (see 
SI). 
On this basis, the adsorption capacity of the nanocomposites was determined by adsorption 
isotherm experiments. Figure 5 reports the equilibrium amount of dye adsorbed onto the 
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nanocomposite (Qe, mol g
−1
) as a function of the equilibrium dye concentration in solution (Ce, 
mol L
-1
).  
Data indicated a lower amount of dye adsorbed on PDA/HNTa. This could be due to the effect 
of the pH of the medium on PDA buildup and mode of polymerization.
40 
Both the Langmuir and the Freundlich models were used to analyze the experimental data.
51
 
Table 3 showed that adsorption data related to PDA/HNTb are better fitted by the Freundlich 
model, suggesting heterogeneous nanocomposite and multi-molecular layer adsorption according 
to SEM data. The value of n is larger than 1, which indicates the favorable nature of adsorption 
and a physical process.
52
 Conversely, for PDA/HNTa a monolayer adsorption was determined, 
the adsorption data being better fitted by the Langmuir model. These results support the view 
that at pH 5.0 aggregates of HNTs are embedded into a PDA matrix.
53
 
(a)  (b)  
Figure 5. Adsorption isotherms of RB on (a) PDA/HNTb and (b) PDA/HNTa in deionized water (results 
correspond to the mean ± standard error mean of three independent assays). 
Table 3. Parameters of Langmuir and Freundlich isotherm models for RB adsorption on the hybrid 
nanocomposites.a 
 Langmuir 
𝑄𝑒 =
𝐾𝐿𝑄𝑚𝐶𝑒
1 + 𝐾𝐿𝐶𝑒
 
Freundlich 
𝑄𝑒 = 𝐾𝐹𝐶𝑒
1/2
 
Qm 
(mol g-1) 
KL 
(L mol-1) 
R2 KF 
(mol g-1 (mol L-1)1/n) 
n R2 
PDA/HNTb (1.8±0.7)×10
-5 (6±3) ×104 0.973 0.014±0.006 1.50±0.08 0.994 
PDA/HNTa (2.48±0.07)×10
-3 (1.3±0.1) ×105 0.997 0.002±0.001 1.7±0.2 0.979 
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a Results correspond to the mean ± standard error mean of three independent assays. 
To gain further insight into the adsorption mechanisms, the kinetics of rhodamine B adsorption 
onto PDA/HNTb and PDA/HNTa were investigated (see SI). It was found that dye adsorption 
on PDA/HNTa increases rapidly in the first 200 min and then slows down to reach equilibrium. 
The rapid initial adsorption is due to the presence of a compact PDA surface with a large number 
of adsorption sites on the surface of the nanocomposite. As the surface active sites are gradually 
occupied, the adsorption rates slow down and finally reach equilibrium. At pH 8.5 the kinetics of 
RB adsorption are apparently slower and the equilibrium is not reached over as long as 1000 
minutes. 
The kinetic data were fitted by the intraparticle diffusion model (Weber-Morris model) and by a 
pseudo-second-order kinetic model given by Langergren and Svenska to analyze rate controlling 
steps which affect the adsorption process.  
The experimental data were found to be better fitted by the pseudo-second order model as far as 
PDA/HNTb is concerned, whereas the kinetic adsorption of PDA/HNTa better fitted the 
Weber Morris model. On the contrary, the kinetic adsorption of RB onto pristine HNTs follows 
the pseudo-second order model, according to the presence of two different surfaces interacting 
with the dye, whereas the experimental data of PDA/HNT-a and PDA/HNT-b are better fitted by 
the intraparticle diffusion model (Table S.1).  
These results are consistent with the different morphologies reported below (Table 4). 
 
Table 4. Adsorption Kinetic Parameters of RB onto PDA nanocomposites.a 
 Pseudo second order 
𝑡
𝑄𝑡
=
𝑡
𝑄𝑒
+
1
𝑘2𝑄𝑒
2
 
Weber Morris 
𝑄𝑡 = 𝑘𝑑𝑡
0.5 + 𝐿 
qe 
(mol g-1) 
k2 
(g mol-1 min-1) 
R2 kd 
(g mol-1 min-0.5) 
R2 
PDA/HNTb (1.37±0.01)×10
-6 (4.2±0.6)×105 0.998 n.a.b  n.a.b 
PDA/HNTa (1.45
 ±0.02)×10-6 (6.8±0.6)×103 0.985 (2.63±0.03)×10-6 0.992 
a Results correspond to the mean ± standard error mean of three independent assays. 
b Weber Morris model is not successful. 
Coating of glass surfaces with PDA/HNT nanocomposites. 
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SEM images of PDA films produced at pH 5.0 or 8.5 with or without HNTs showed 
morphologies reflecting those of the powders (Figure 6). Figures 6b and 6d indicate both 
dispersed (red arrows in the Figure 6b) or aggregated HNTs, respectively, in line with the 
preceding findings. 
(a)  (b)  
(c)  (d)  
Figure 6. SEM images of (a) PDA-b; (b) PDA/HNTb, (c) PDA-a and (d) PDA/HNTa films. 
The morphological features of the PDA/HNT nanocomposites affected their macroscopic 
characteristics in terms of transparency and wettability. As evidenced by the transmission spectra 
(Figure 7), the coating of the glass substrate with PDA based films produces a reduction of its 
transparency.  
As a general result, transmittance increased with the wavelength, in agreement with the light 
scattering determined by the nanoparticles. The decrease in glass transparency proved to be 
lower for PDA-b compared to PDAa. As expected, addition of HNTs produced a further 
transparency decrease of the coated glass samples. This effect was observed in nanocomposite 
materials containing HNTs within the polymeric matrix.
54
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Figure 7. Transmittance as function of the wavelength for uncoated and coated glass.  
Table 5 collects the transmittance data at 600 nm (T600) as well as the ratio between the 
transmittance percentages at 800 and 400 nm (T800/T400) for the coated glass samples. 
The T600 values revealed that the addition of HNTs produces similar reduction effects on the 
polydopamines transparency at 600 nm. Compared to the corresponding pure polydopamine, we 
observed that PDA/HNTb and PDA/HNTa exhibit T600 decreases of 28 and 26 %, 
respectively. Additionally, we detected that the presence of HNTs induces an enhancement of the 
T800/T400 ratio for both polydopamines. These results highlight that the transparency of the 
composite materials is more sensitive to wavelength variations. It should be noted that this effect 
is more relevant for PDA/HNTa material. 
The surface properties of the films were investigated by determining the water contact angles of 
the coated glass specimens. 
A slight increase in the water contact angle was determined in the presence of the HNTs filler in 
both cases. This effect cannot be attributed to variations of the chemical composition of the 
surfaces, due to the hydrophilic character of halloysite. Rather, it is possible that it follows from 
the enhancement of the surface roughness caused by HNTs. Similar results were observed for 
polymer/HNT nanocomposites with the nanotubes dispersed at the interface.
19
  
Table 5. Transmittance data for coated glass samples.a 
 T600 nm (%) T800/T400 
PDAb 77.0 ± 1.5 1.52 ± 0.04 
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PDAa 58 ± 1 1.84 ± 0.07 
PDA/HNTb 49 ± 1 1.96 ± 0.09 
PDA/HNTa 32.0 ± 0.6 3.5 ± 0.3 
a Results correspond to the mean ± standard error mean of three independent assays. 
 
CONCLUSIONS 
To date most of the methods commonly adopted to improve polydopamine (PDA) properties 
are multi-step and time consuming. Therefore, there is a need for versatile strategies aimed at 
controlling and modifying the properties of PDA for various applications. 
Halloysite nanotubes (HNTs) are usefully used to improve the physico-chemical properties of 
polymers. Previous studies dealt with the use of PDA as coating for HNTs surface.
36-37
 So far, no 
studies were focused on the use of HNTs as filler for PDA matrix.  
Herein, PDA/HNT nanocomposites were obtained under both acidic and alkaline oxidation 
conditions and were characterized for the physicochemical properties.  
The most significant findings are as follows. 
a) HNT fillers can interact in different ways with PDA structure depending on the pH of the 
medium and can produce complex effects on nanocomposite morphology.  
b) HNTs markedly increased the thermal stability of PDA samples on thermogravimetric 
analysis. 
c) PDA/HNT nanocomposites displayed similar or slightly enhanced adsorption capacity for 
the organic dye Rhodamine B relative to PDA, depending on the nature of the 
nanocomposite. 
d) PDA/HNT nanocomposites coated on a glass surface impart morphologies to the 
substrate similar to those of the bulk polymers and affect transparency and wettability of 
the nanocomposite by enhancing surface roughness. In all cases the effects are more 
relevant for PDA/HNTa material respect to PDA/HNTb. 
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These results point to HNTs incorporation as a promising strategy to modify and tailor PDA 
film properties for diverse applications, ranging from enhancement of adsorption to surface 
modification. 
Supporting Information. Kinetic of polydopamine polymerization, ATR-FTIR investigations 
of pristine PDA and HNTs, adsorption capacities of the different nanocomposites for RB, kinetic 
adsorption of RB on PDA/HNT nanocomposites, kinetic parameters of RB adsorption on HNT, 
PDAa and PDAb, contact angle measurements of PDA nanocomposite films. 
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